The conventional approach to the processing of airborne gamma-ray spectrometric data is to first sum the observed spectra over three relatively broad energy windows. These three window count rates are then processed to obtain estimates of the potassium (K), uranium (U), and thorium (Th) elemental abundances. However, multichannel spectra contain additional information on the concentrations of K, U, and Th in the source, on the distance between the source and the detector, and on the relative contribution of atmospheric radon to the observed spectrum. This information can be extracted using multichannel processing procedures.
INTRODUCTION
Although most airborne gamma-ray spectrometers can record at least 256 channels of data in the energy range 0-3 MeV, little of this data is actually used. The conventional approach to the processing of airborne gamma-ray spectrometric data (the three-channel method) is to first sum the observed spectra over three relatively broad energy windows. These three-channel count rates are then processed to obtain estimates of potassium (K), uranium (U), and thorium (Th) elemental abundances. The data processing includes a correction for the deadtime of the spectrometer; the removal of background radiation; the unmixing of the K, U, and Th contributions to the three windows (stripping); and the correction of the stripped count rates for the height of the detector. An obvious limitation of the three-channel approach is that the method does not use all of the information in the observed spectra. In addition to the concentrations of K, U, and Th in the source, multichannel spectra contain information on (1) the distance Manuscript received by the Editor May 23, 1997; revised manuscript received April 29, 1998 . * Australian Geological Survey Org., GPO Box 378, Canberra ACT 2601, Australia. E-mail: bminty@agso.gov.au. ‡Research School of Earth Sciences, Australian National University, Canberra ACT 0200, Australia. E-mail: brian@rses.anu.edu.au. c 1998 Society of Exploration Geophysicists. All rights reserved.
between the source and the detector and (2) the relative contribution of atmospheric radon to the observed spectrum. The typical airborne gamma-ray spectrometric inverse problem is as follows. Gamma-ray spectra are recorded at a nominal height of 60 to 100 m using a sample integration time of 1 s. The source of the gamma rays is a combination of a 2-D distribution of K, U, and Th sources on the ground and background radiation attributable to cosmic radiation, the radioactivity of the aircraft, and radon in the air. The problem is to separate these components and determine the distribution of terrestrial sources given a knowledge of the spectral shapes of each of the terrestrial and background components (the component spectra).
Few documents on multichannel airborne gamma-ray spectrometry have been published. Dickson et al. (1979) use two energy windows to model the change in spectrum shape with uranium overburden thickness. Dickson (1980) and Dickson et al. (1981) use a principal component analysis to study the change in shape of the gamma-ray spectrum as a function of the height of the detector. In a related study, Bailey (1986) presents an analytic model, which is loosely based on the underlying physics, to describe this change in shape with height. Crossley and Reid (1982) describe a matrix method for inverting multichannel airborne gamma-ray spectra. They also present a method for obtaining a measure of the inversion importance of each channel. Both Dickson (1980) and Grasty et al. (1985) investigate the statistical improvement in the processed data that could be achieved using a full multichannel analysis as opposed to the conventional three-channel method. Grasty et al. (1985) conclude that the multichannel method can reduce statistical errors by about 25% compared with the conventional threechannel method. But neither Dickson (1980) nor Grasty et al. (1985) consider a comprehensive strategy for processing multichannel airborne data. Their analysis of real data is restricted to a series of lines over a test strip.
This paper describes a model-based approach for processing multichannel spectra. We demonstrate that K, U, and Th component spectra acquired in calibration experiments can be used to model airborne spectra. The component spectra are measured over concrete calibration sources with the aircraft on the ground. The height of the detector above the ground during survey operations is simulated in the calibration experiments through the use of high-density building board to shield the detector and thus simulate the attenuation of the gamma rays by air.
The spectra acquired during survey operations are reduced to elemental count rates in two stages. We use a model based on a principal component analysis of the K, U, and Th component spectra as functions of simulated detector height to estimate the effective height of the aircraft above K, U, and Th sources on the ground. These effective heights are combined with the radio-altimeter height to estimate the K, U, and Th component spectra that best fit the observed spectra. The component spectra are then fit to the observed spectra using a three-component (K, U, and Th component spectra), three-parameter (K, U, and Th elemental count rates) model. The elemental count rates are height corrected and transformed to elemental concentrations on the ground in the same way as for the three-channel method.
Spectra acquired over a calibration range are used to demonstrate that the model and component spectra provide a good fit to observed data. Experiments with synthetic spectra and simulated noise demonstrate that the choice of model minimizes the propagation of observational errors into the estimates of the K, U, and Th elemental count rates.
COMPONENT SPECTRA
The shape of an observed airborne spectrum is a result of a complex interaction of several different effects. Source thickness, source width, the presence of attenuating material between the source and detector, and the distribution of sources in the field of view of the detector all affect the energy distribution of the gamma-ray fluence rate at the detector. Modeling of these effects is constrained by the availability of adequate component spectra.
Gamma-ray transport simulation is a possible means for estimating component spectra for multichannel processing, but adequate consideration of the detector response is a significant problem. In airborne gamma-ray spectrometry a large proportion of the observed counts is because of scattered radiation, and the effects of partial outscatter, escape peaks, etc., must be considered in developing an adequate detector response function. Grasty (1979) suggests the detector response can be satisfactorily determined only through a combination of experiment and Monte Carlo simulations.
An alternative approach is to acquire the required component spectra through observation. The aircraft, cosmic, and atmospheric radon spectra are empirically determined from airborne calibration flights. The K, U, and Th terrestrial components are determined from measurements on the ground over radioactive concrete sources. The detector is shielded from the sources using an attenuating material that simulates the attenuation of the gamma rays by air. The component spectra are then fitted to the observed spectra to estimate the relative contribution of each of the components to the observed spectra. Dickson et al. (1981) used large airport calibration pads to acquire K, U, and Th component spectra at various simulated heights. They used plywood sheets to shield a detector and thus simulate the attenuation of the gamma rays by air. We adopt a similar approach to the simulation of detector height but have used much smaller, portable, rectangular slab sources. The sources comprise a set of four 1 × 1 × 0.3-m slabs, similar to those used by Grasty et al. (1991) for the calibration of portable gamma-ray spectrometers. Three of the slabs have high concentrations of either K, U, or Th, respectively, while the fourth slab is doped to have concentrations of the radio elements as near as possible to that of the impurities in the other three slabs and serves as a background slab.
Terrestrial components
Each slab was placed in turn directly beneath the detector, and either 0, 3, 6, 8, or 10 sheets of 0.015-m high-density building board (density = 1.733 × 10 3 kg/m 3 ) were used to shield the detector from the source. The building board has a basic composition of Portland cement, ground sand, cellulose fiber, and water. These materials have almost the same number of electrons per unit mass as air. Thus, using the argument of Dickson (1980) , the shielding corresponds to simulated heights of 0, 60, 120, 160, and 200 m of dry air at 0
• C. Each observed spectrum was corrected for deadtime, energy drift, and background before making a final correction for the impurities in the sources. The final corrected spectra attributed to each of K, U, and Th at each simulated detector height are shown in Figure 1 .
Background components
The procedure for determining aircraft and cosmic background uses the fact that in the lower atmosphere the cosmic spectrum has a near-constant shape, but its amplitude decreases with decreasing height (Aviv and Vulcan, 1983) . Also, at energies greater than 3.0 MeV, all natural radiation is cosmic in origin, and airborne spectrometers routinely monitor a cosmic window (typically 3.0-6.0 MeV) to facilitate estimation of cosmic background. The constant shape of the cosmic spectrum means the cosmic contribution in any channel is proportional to the cosmic window count rate. If the shape of the cosmic spectrum is known, then the cosmic window count rate can be used to estimate the cosmic contribution in any particular channel.
The calibration strategy requires the acquisition of gammaray spectra at several different heights (say, 1.0, 1.5, 2.0, . . . , 4.0 km above ground level) in an area where atmospheric radon is at a minimum. A linear regression of the cosmic window count rate on any other particular channel then yields the cosmic sensitivity (slope of regression line) and aircraft background (zero intercept) for that channel. This type of analysis and (c) Th spectra observed at various simulated heights above a calibration source on the ground. has been used for many years by airborne geophysical operators to estimate the aircraft and cosmic components of background for the three-channel method. Aircraft and cosmic spectra are shown in Figure 2 .
Since all terrestrial gamma rays are attenuated by about 1 m of water, an observed over-water spectrum is attributed to the background components only. Consequently, the radon spectrum is estimated from calibration flights at survey height over water and in the presence of radon; the aircraft and cosmic contributions are subtracted from the observed spectrum to give the radon spectrum. A typical radon spectrum is shown in Figure 2 .
Properties and limitations of the component spectra
One aspect of the component spectra that is important to the development of a processing strategy is their temporal and spatial variations. The K, U, and Th components can be expected to vary rapidly along a line as each sample brings new sources into the field of view of the spectrometer. In contrast, the background components vary slowly along each line, and this enables the background components to be estimated independent of the terrestrial components [e.g., Grasty et al. (1988) and Minty (1992) ]. The multichannel inverse problem can then be structured as the estimation of K, U, and Th elemental abundances from the background-corrected spectra.
The complete 2-D inversion of airborne spectra to elemental concentrations on the ground requires knowledge of the spectral response of the detector to a finite-source element on the ground for a range of detector heights and for various lateral displacements of the detector above the source element. The component spectra required for a complete inversion of this type are difficult to determine accurately. The source-detector geometry for finite sources is also not well modeled by the calibration experiments. For example, at a height of 0.65 m above the sources the detector is large compared with the dimensions of the slab sources and therefore has an undue influence on the source-detector geometry. An airborne detector, by contrast, is small compared with the dimensions of terrestrial sources. It could be argued that the effect of this results in the observed spectra being representative of broader sources than those actually simulated.
FIG.
2. Aircraft, cosmic, and radon components of the gammaray background.
Skyshine refers to those gamma-ray photons that have been scattered back toward the ground from above the detector, and these originate at large lateral distances from the detector. Below 0.4 MeV, the skyshine component is almost twice the direct radiation from the pads. However, because of their size, the pads do not produce this component. The empirically determined terrestrial component spectra should not, therefore, be expected to provide a good fit at low energies to observed spectra at airborne heights. This is perhaps the greatest limitation on the use of portable calibration sources for the acquisition of terrestrial component spectra.
The limitations of the component spectra require that a model-based approach to multichannel fitting be adopted. The component spectra are fit to real data, and only those energies over which a good fit is achieved are used for multichannel processing. Also, the component spectra are only used to separate the contributions to the observed spectrum of each of K, U, and Th and are not used to correct the data for the height of the detector.
MULTICHANNEL MODELS
Multichannel spectral analysis is used in laboratory spectrometry (e.g., Quittner, 1972) , but in this controlled environment the source-detector geometry is held constant for both calibration and measurement. Component spectra are then fitted to the observed spectra using the least-squares method. In airborne gamma-ray spectrometry the situation is more problematical. Source-detector geometry is continually changing because of variations in the height of the detector above the ground, variations in the amount of nonradioactive overburden or vegetation between the source and the detector, and the distribution of K, U, and Th sources within the field of view of the detector. Each of these contribute to the effective height of the detector, which may differ for each terrestrial component. The multichannel analysis of airborne gamma-ray spectra must address this continually changing source-detector geometry.
If the effective height were constant, then only one spectral component for each of K, U, and Th would be required to model background-corrected spectra. But the shapes of the K, U, and Th spectra change with the effective height of the detector above the source, and we could expect that at least two spectral components for each of K, U, and Th would be required to describe this change in spectral shape. Surprisingly, only two components for each of K, U, and Th are adequate for this purpose over the range of heights used.
The parametric principal component model Dickson (1980) performed a principal component analysis on K, U, and Th spectra acquired over a range of simulated detector heights. He showed that the spectra of each of the three radio elements (as functions of simulated height) can be expressed as a linear combination of the first two principal components, whose proportions vary according to the simulated height of the detector, i.e.,
S(h, E)
where the observed spectrum, S, is a function of simulated height (h) and energy (E), and f 1 and f 2 are the first and second principal components. The values a(h) and b(h) are the amplitudes of f 1 and f 2 , respectively, and vary with simulated height according to the relationships
where A 1 , A 2 , µ 1 , µ 2 , C 1 , and C 2 are different for each of K, U, and Th. The other principal components are interpreted to be mainly statistical noise. This representation of multichannel spectra as the sum of two principal components [equations (1) and (2)] is hereafter referred to as the parametric principal component model. Following Dickson (1980) , a principal component analysis of the terrestrial component spectra as functions of simulated detector height has been used to model the change in spectral shape of the spectra with changes in the effective height of the detector. The analysis was performed on the five spectra for each of K, U, and Th shown in Figure 1 . The first two principal components for each of K, U, and Th account for over 99.9% of the variance in the data; only these two components are required to adequately describe changes in spectral shape with simulated height. As an example, the first two components (with amplitudes) for U are shown in Figure 3 . The best-fit functions [equation (2)] used to empirically model the change in principal component amplitudes with simulated height are also shown.
Multichannel models
Consider two models based on the parametric principal component model. The first model accommodates the possibility that the effective height of the detector may be different for each of K, U, and Th. The effective heights are thus included in the model as parameters and are estimated from the shape of the observed spectra. This six-component/six-parameter model is used for estimating both elemental count rates and the effective height of the detector for each of K, U, and Th. Let
where I obs is the observed spectrum and 
[Th] because there is a one-to-one correspondence between the effective heights and the ratios of the secondary to primary component contributions to the observed spectrum for each of K, U, and Th. The ratio
for example, is a monotonic function of h K and can be used to determine the effective height of the detector for K. The values h U and h Th are determined in similar fashion. The second model is a three-component/three-parameter model where the parametric principal component model is used merely as a convenient means of storing and interpolating the component spectra. We assume that the K, U, and Th effective heights of the detector at each observation point are known. The measured radio-altimeter height, for example, could be used as an estimate of these effective heights. The effective heights are then used to generate the component spectra ( f K , f U , and f Th ) to be used to perform the inversion at each observation point. Thus,
In matrix notation, equation (6) can be written as
where d is a vector of observed channel count rates (the observed spectrum), m are the elemental count rates, and G is the matrix of unit component spectra. Thus the columns of G are f K , f U , and f Th . Equation (7) has the weighted least-squares solution
where V is the covariance matrix associated with the elements of d. Crouthamel (1970) refers to this as spectrum unfolding. It is generally assumed that the component spectra (i.e., the matrix G) are known with no uncertainty. The variance in the estimates of the elemental count rates is then given by
where
and n i is the estimated mean count rate for each channel prior to background removal. This is based on the assumption that the covariance between the errors in each channel is zero, i.e., channel count rate errors are independent. The data are thus weighted inversely by their variances.
Error propagation
There are two aspects to the appropriateness of the application of a particular model. The first relates to how well the model fits real data, and this will be dealt with later. The second relates to how random errors in the observed data are propagated by the model into the estimates of the model parameters in terms of both the precision and the accuracy of the estimates.
The precision of the model parameter estimates associated with the six-component/six-parameter model has been investigated for channels 45-256 (0.515-3.0 MeV) in the following way. The parametric principal component model has been used to generate a synthetic 1-s spectrum for a 32-liter detector at 100 m height from a source with typical crustal concentrations of the radio elements (2000 ppm K, 2.5 ppm U, and 9 ppm Th). A background spectrum comprising aircraft and cosmic components and a radon contribution based on average concentrations of atmospheric radon typically encountered in airborne surveying (25 cps in the conventional U window) was also synthesized. A pseudorandom number generator was then used to generate a count rate for each channel that is a random variate drawn from a Poisson distribution with mean equal to the sum of the terrestrial and background components in that channel. The background was subtracted, and the model parameters for each model were estimated from this synthetic spectrum and saved. This process was repeated several thousand times to allow the solutions for each model parameter to be analyzed for mean and variance.
The results are given in Table 1 . Fractional errors for the three-component/three-parameter model and the conventional three-channel method are also included for comparison. The fractional errors associated with the effective heights are large for the 1-s sample interval used in the analysis. But these errors can be reduced by increasing the sample interval (Figure 4) . Minty (1996) shows that, for small sample intervals, the effective height distributions are skewed and the mean does not provide an unbiased estimate of the true effective heights. Table 1 . Fractional errors associated with the model parameters for various models for a 32-liter detector at 89 m STP and average crustal abundance of the radio elements (2000 ppm K, 2.5 ppm U, 9 ppm Th) and average levels of atmospheric radon (25 cps in the conventional U window). The fractional errors are the standard deviations of the distributions expressed as a percentage of the means. A sample interval of 1 s was used in the analysis.
Fractional errors (%) (Table 1) , showing a 14%, 31%, and 22% reduction in fractional errors for each of K, U, and Th, respectively, when compared with the conventional three-channel method. Grasty et al. (1985) restrict their spectral fitting to energies above 0.768 MeV to avoid the contribution of 137 Cs at 0.662 MeV because of atomic weapons fall-out and nuclear accident. Increasing the lower energy limit to 0.768 MeV has little effect on the K and Th fractional errors, but the U fractional errors increase by about 9%. The use of the 0.768-3.0 MeV energy range, however, still yields a 13%, 25%, and 20% reduction in fractional errors for each of K, U, and Th, respectively, when compared with the conventional three-channel method.
Consider now the extent to which estimates of the elemental count rates are biased by errors in the effective height for the three-component/three-parameter model. The model requires that the effective height for each of K, U, and Th is known. These effective heights are then used to generate the K, U, and Th component spectra required by the model. The extent of this bias was investigated as follows. The parametric principal component model was used to generate several (noise-free) spectra for a range of heights between 60 and 140 m. These spectra were simulated for a 32-liter detector over typical crustal concentrations of the radio elements and were then inverted to elemental count rates using the three-component/three-parameter model with component spectra calculated for an effective height of 100 m. Deviations in the estimated elemental count rates from the true elemental count rates at each height are attributed to the bias in the estimates, resulting from the use of an incorrect effective height, and are shown in Figure 5 . The bias in the estimates is given as the percentage deviation of the estimated elemental count rates from the true elemental count rates for each height. Thus, a +40% systematic error in the K, U, and Th effective heights at 100 m results in a 6.3%, 13.5%, and 3.9% bias in the estimates of the elemental count rates from K, U, and Th, respectively.
MULTICHANNEL PROCESSING
The proposed strategy for processing multichannel data follows a sequence similar to that used for processing threechannel data. Wherever possible, calibration constants are determined empirically under survey conditions. The observed spectra are deadtime corrected, energy calibrated, and background corrected. The spectra are then converted to elemental count rates at airborne height using a two-pass approach that uses both the six-component/six-parameter and threecomponent/three-parameter models.
The six-component/six-parameter model is applied using a large sample interval to obtain average effective heights for each line. These average effective heights are then combined with the radio-altimeter heights to give K, U, and Th effective heights at each point along the line. The rationale for this procedure, and the way in which the effective heights and radio-altimeter heights are combined, will be explained later. The effective heights are used to generate the three component spectra for each sample required by the threecomponent/three-parameter model for reduction of the observed spectra to elemental count rates. The elemental count rates are then height corrected and transformed to elemental concentrations on the ground in exactly the same way as for the three-channel method. The height correction uses a sim-FIG. 5. Bias in the estimates of K, U, and Th elemental count rates for deviations in the effective height of the observed spectra from the nominal 100 m height used for the calculation of component spectra for the three-component/three-parameter model. The bias is quoted as the percentage deviation of the estimated elemental count rates from the true elemental count rates. The simulated spectra are representative of spectra over typical crustal materials for a 32-liter detector. ple exponential model of the fall-off of radiation with detector height to correct the elemental count rates to the nominal survey height, and the attenuation coefficients for this model are determined empirically from airborne calibration flights over a range of detector heights. The elemental count rates are then transformed to elemental concentrations on the ground by scaling the count rates by empirically determined sensitivity coefficients.
While the use of principal components to model changes in spectral shape with source-detector geometry offers a simple empirical solution to the modeling of several complex processes, the method is purely empirical and is only valid within the range of the measurements. Also, in view of the limitations of the component spectra, we must still establish that the sixcomponent/six-parameter and hence three-component/threeparameter models actually fits real data. This is demonstrated in the following section using data acquired over a calibration range.
Airborne calibrations
Access to a suitable calibration range is an essential requirement for the new multichannel processing strategy. Flights over the calibration range at several heights are required: to determine empirically the attenuation coefficients for an exponential model of the fall-off of elemental count rates with detector height, to estimate sensitivity coefficients for the nominal survey height, to establish the relationship between simulated heights and actual heights, and to demonstrate a good fit of the multichannel models and component spectra to real data. The calibration range is described by Minty (1996) and satisfies most of the criteria expected of an airborne calibration range. The range is situated approximately 15 km northwest of Albury, New South Wales, Australia. Flights over Lake Hume (about 27 km distant) are used to obtain estimates of total background.
The airborne survey comprised seven 16-km-long background lines over the main basin on Lake Hume at heights of 60, 90, 120, 150, 180, 210, and 240 m above ground level, respectively. These were followed by seven passes over the 16-km calibration range at the same heights. Initial data processing involved truncation of the airborne data so that each line traversed the same stretch of ground. The airborne spectra were then deadtime corrected, energy calibrated, and converted to elemental count rates using the six-component/six-parameter model.
The elemental count rates include both scattered and unscattered photons; in the case of the U and Th decay series, these rates are attributed to gamma-ray emissions at several different energies. We assume that the elemental count rates can be modeled as functions of detector height using an exponential model of the fall-off of radiation and an effective height attenuation coefficient for each of K, U, and Th. The effective height attenuation coefficients are estimated from an exponential regression of the elemental count rates against height. An example is shown in Figure 6 . This shows a good fit between the elemental count rates and the exponential model for the fall-off of radiation intensity with detector height. The height attenuation coefficients were found to be similar to those estimated for the conventional three-channel method. This means the amplification of errors by the multichannel height correction procedure is similar to the three-channel method. Sensitivity coefficients for the multichannel method were estimated using the results of a ground survey along an 8-km stretch of the calibration range that was conducted using a portable spectrometer at the same time as the airborne survey was flown.
An example of the best fit of the six-component/six-parameter model to the background-corrected calibration range spectra is shown in Figure 7 for a height of 90 m. With the exception of the lower calibration lines at 60 and 90 m height, the experimentally derived component spectra provide a good fit to the calibration line data at all heights. This demonstrates that the model and component spectra are well calibrated for the range of heights typically encountered in airborne gamma-ray surveying. At 60 and 90 m there was some divergence at the lower energies-particularly in the vicinity of the 0.609-MeV photopeak. The initial spectral fitting was performed using channels . This consistently produced a poor fit below the 0.609-MeV photopeak. The modeling was therefore restricted to channels 45-256 (0.521-3.0 MeV). The K, U, and Th effective heights, estimated through the application of the six-component/six-parameter model, show an exponential dependence on the actual height at standard temperature and pressure (STP) (equivalent height at STP). The K effective height as a function of STP height, for example, is shown in Figure 8 . The Th and U effective heights (not shown) have a similar dependence on STP height, although the errors associated with the U effective height are, for several possible reasons, much larger. The errors in U effective heights may, for example, indicate that the assumption of identical radon backgrounds at the calibration range and Lake Hume is false. The errors are also partly a function of the model itself (see Table 1 ) and a consequence of the low U concentration of the calibration range relative to Th.
Determination of effective heights
The determination of three effective heights using the sixcomponent/six-parameter model is equivalent to finding K, U, and Th component spectra that best fit the observed spectra. However, for small sample intervals, or for low elemental count rates, the deviation of the estimated effective heights from their true values can be large (see Figure 4) . The effect of these deviations is to introduce a bias into the estimates of the elemental count rates determined using the three-component/ three-parameter model. Examples of this bias are given in Figure 5 . The use of a particular sample interval thus represents an obvious trade-off between the errors in the effective heights (and consequent bias in the elemental count rates) and the resolution of the effective heights along a flight line.
Unfortunately, there is no apparent way of knowing the true variations in effective heights across a survey area. A sample interval of about 2.6 km (40-s sample integration time) has therefore been selected (largely arbitrarily) to evaluate the sixcomponent/six-parameter model using real data. For a 32-liter detector at 89 m STP and average crustal concentrations of the radio elements, fractional errors of 10%, 28%, and 17% for the K, U, and Th effective heights, respectively, can be expected (see Figure 4) . These errors could introduce a bias of up to 10% into the estimates of the elemental count rates ( Figure 5 ) if they were used to calibrate the three-component/three-parameter model for reduction to elemental count rates.
The airborne data from three surveys have been used to evaluate the multichannel processing method. These surveys are of the Fowler's Gap area (western New South Wales, Australia) Lissadel sheet area (Western Australia), and the Medusa Banks sheet area (Joseph Bonaparte Gulf, Western Australia). The change in effective heights over all survey areas studied shows a good correlation with the measured radio-altimeter height. However, large variations in the effective heights with time were evident for the Fowler's Gap survey. The radio-altimeter height for this survey is shown in Figure 9 , and the U effective height is shown in Figure 10 . While the U effective height shows a correlation with the radio-altimeter height, the image is dominated by large level shifts between lines and between groups of lines. Similar level shifts were seen in images of the K and Th effective heights (not shown). Also, while the level shifts in the K and Th effective heights appeared to correlate well, the level shifts in the U effective height showed a negative correlation with K and Th. These effects are interesting because the pattern of level shifts reflects the date on which the lines were flown. Figure 11 represents the sequence in which the Fowler's Gap survey lines were flown (over two field seasons). Blocks were FIG. 8. Exponential modeling of the relationship between K effective height, simulated in the ground calibration experiments, and STP heights of observed calibration range spectra. flown in the order 95a, 95b, and 95c during October-November 1995 and then 96a and 96b during March-April 1996. While the survey flight plan was not entirely systematic, the arrows in each block approximate the direction of progressive accumulation of data within each block. A comparison of the U effective height in Figure 10 and the flight plan shown in Figure 11 reveals several features.
There is a marked difference in average effective heights between the 1995 and 1996 stages of the survey for K, U, and Th. On average, the effective heights for the 1995 survey lines are 5 m higher for K and Th yet 25 m lower for U. While there may be several possible explanations for this effect, we suspect that the effective heights shown in Figure 10 reflect a bias in the estimation of radon background because of a seasonal variation in the moisture content of the soils within the survey area. For example, consider the possibility that the true U effective height is a function of soil moisture content. Since the radio-altimeter heights were used for determining the component spectra for the full-spectrum estimation of radon background, the radon background estimates are in error where the radio-altimeter heights differ from the true effective heights. High U effective heights reflect areas where too much radon background has been removed, and low U effective heights reflect the fact that too little radon background has been removed. Radon background estimation errors have thus introduced a bias into the estimation of the effective heights since the backgroundcorrected spectra are now corrupt. Low U effective height values are compensated by high K and Th values, and vice versa.
The 1996 survey started in block 96a, progressing from north to south. This was followed by block 96b, again progressing from north to south. In general, the estimated U effective heights follow a similar pattern, with the effective heights increasing as the survey progressed. The survey started four days after heavy rains in the area. Surface water was still present at the start of the survey, suggesting the soil moisture content was near saturation. The soil gradually dried out over the remainder of the survey period. High U effective heights are thus interpreted to reflect low soil moisture conditions for this survey, and low heights reflect high soil moisture conditions. An explanation for the postulated dependence of U effective height on soil moisture can be found from a study of the distribution of 222 Rn in soils under various soil moisture conditions. Figure 12 shows the concentration of the emanating fraction of 222 Rn with depth for a soil under three different soil moisture conditions (after Grasty, 1996) . The interesting feature of these depth distributions is that for high moisture concentrations, the depth distribution of emanating radon begins to approximate that of a two-layer earth-i.e., a high-concentration and infinitely thick layer at a depth of 10 to 15 cm overlain by a thin, low-concentration layer. It is thus reasonable to speculate that the effective height of the detector above uranium sources is affected by the soil moisture concentration.
The choice of effective heights for generating the K, U, and Th component spectra for each sample along a flight line is a crucial consideration for the multichannel processing strategy. While the radio-altimeter height has been related to the K, U, and Th effective heights using the Lake Hume calibration data, this mapping of the effective heights may not be valid elsewhere under different soil type and soil moisture conditions and for different vegetation cover. The use of the radio-altimeter height alone is therefore considered unsuitable.
Similarly, the use of the effective heights estimated using the six-component/six-parameter model alone are also not suitable. For small sample intervals the errors in the estimated effective heights are large, and this introduces an unacceptable bias into the estimates of the elemental count rates. For large sample intervals, rapid changes in radio-altimeter height cannot be accommodated, again introducing an unacceptable bias into the estimates of the elemental count rates.
A good compromise is to combine the radio-altimeter height and the effective heights estimated using the six-component/six-parameter model. The strategy is to use the radio-altimeter height, but to adjust the average radio-altimeter height of each line for seasonal soil moisture/vegetation effects by using the average effective height for each of K, U, and Th. The six-component/six-parameter model, with a sample interval the length of each line, is used to determine average K, U, and Th effective heights for each line. With these sample intervals (1000-3000 s, depending on the survey area) the errors in the estimated average effective heights are small. For example, for average crustal concentrations of the radio elements, average atmospheric radon levels, and a 32-liter detector at 89 m STP height, a 1000-s sample interval yields fractional errors for the K, U, and Th effective heights of 1.2%, 4.3%, and 2.5%, respectively. This translates into a bias in the elemental count rates of less than 2% for U and less than 1% for both K and Th.
The difference between the average effective height for each of K, U, and Th and the average radio-altimeter height is then added to the radio-altimeter height. The K effective height, for example, is adjusted as follows:
where h K (i) is the adjusted K effective height profile, h R (i) is the observed radio-altimeter height profile, h Kave is the wholeline average K effective height, and h Rave is the whole-line average radio-altimeter height. The U and Th effective heights are determined in similar fashion. This strategy enables the best possible radio-altimeter height to be used while accommodating base level shifts due to soil moisture or vegetation for each line.
Determination of elemental count rates
Further considerations for a multichannel processing strategy are the low count rates in individual channels, the computer time required to process the data, and the effect of energy drift in observed spectra. For example, for low count rates a Poisson statistical model is required to invert the data. But for this model the solution is nonlinear and must be determined iteratively. The summing of channel count rates to reduce the Rn emanating fraction with depth below ground level for three different soil moisture conditions (after Grasty, 1996) . number of channels in multichannel airborne gamma-ray spectrometry minimizes the effect of these problems. Minty and Kennett (1995) introduce the concept of generalized channels, which are the summation of one or more 12-keV data channels that are not necessarily contiguous in the spectrum. The summing increases the count rates in each generalized channel so that their error distributions approach a Gaussian distribution. It is then appropriate to use the leastsquares method for inversion of the data. The processing time is minimized through a reduction in the number of channels used in the inversion, and the use of generalized channels reduces the effect of energy calibration errors on the processed data (Minty, 1996) . The summing of channel count rates also minimizes the covariance between channels, which is introduced through energy calibration of the observed spectra (Minty, 1996) . The trade-off for these benefits is a small increase in the fractional errors in the estimates of the model parameters. Minty (1996) suggests the use of 21 generalized channels for processing multichannel data.
Finally, the weighted least-squares method requires that the channel count rates are weighted inversely as their variances. The approach we have adopted is to make an initial estimate of the variance associated with each channel count rate for each observed spectrum. Changes to these variances are traced through the data processing procedures to the point where the variances are used in the weighted least-squares method.
The multichannel processing procedure can now be summarized as follows: a) An estimate of the variance associated with each channel of each spectrum is made by smoothing the raw spectra in two stages. Each channel is first low-pass filtered along the line. A low-pass filter is then passed across each spectrum. The channel count rates thus filtered are accepted as estimates of the variance for each channel. b) The raw spectra (unfiltered) are corrected for deadtime and then energy calibrated. Both the deadtime correction and the energy calibration affect the variance of each channel count rate. The estimated variances are therefore adjusted accordingly. c) Aircraft, cosmic, and radon background are removed.
Either the spectral-ratio method or the full-spectrum method (Minty, 1996) is used to estimate the radon backgrounds using a sample interval of 100 to 200 s. Background removal does not affect the estimated variance associated with each channel count rate. d) Channel count rates are summed to the optimum 21 generalized channels for the six-component/six-parameter model. The estimated channel variances are adjusted accordingly. The six-component/six-parameter model is used to estimate effective heights for each of K, U, and Th. Average effective heights are obtained by setting the sample interval to the length of each line. K, U, and Th effective heights are determined for each line by combining the average effective heights for each line with the radio-altimeter STP heights as described above. e) Channel count rates are summed to the optimum 21 generalized channels for the three-component/threeparameter model. The estimated channel variances are adjusted accordingly. The three-component/threeparameter model is used to estimate the elemental count rates attributed to each of K, U, and Th. The component spectra for the three-component/three-parameter model are estimated at each observation point using the effective heights estimated in (d) above. f) The elemental count rates are corrected for variations in the radio-altimeter STP height from the nominal survey height and then scaled to elemental concentrations on the ground.
The analysis of variance presented earlier predicted a 14%, 31%, and 22% reduction in fractional errors for K, U, and Th, respectively, for the six-component/six-parameter model as opposed to the conventional three-channel method. We use the following measure (the average deviation) to compare the relative performance of the multichannel and three-channel methods on real data. Both the three-channel and multichannel
FIG.
13. Gradient-enhanced pseudocolor images of U elemental count rates for data processed using (a) the three-channel method and (b) the multichannel method. The data are for the Fowler's Gap survey area.
elemental count rates are low-pass filtered using a recursive filter (Tammenmaa et al., 1976) , and the smoothed count rates are then assumed to provide a good measure of the true mean elemental count rate at each observation point. The absolute deviation between the unfiltered elemental count rates and the estimated mean count rate at each observation point is calculated and averaged over all observation points in the survey. This is done for each of the K, U, and Th elemental count rates. Multichannel processing of the Fowler's Gap survey resulted in a reduction in the K, U, and Th average deviation of 9.1%, 23.9%, and 22.6%, respectively, when compared with the same data processed using the conventional three-channel method. As an example, Figure 13a shows a pseudocolor image of the U window count rate for the Fowler's Gap survey after processing using the conventional three-channel method. The corresponding multichannel-processed data are shown in Figure 13b . The images have been enhanced by modulating the saturation and intensity of color using an east-west gradient of the image. The multichannel image shows a better resolution of structure than the corresponding three-channel image.
The reduction in average deviations achieved for the Fowler's Gap survey using the multichannel method is typical of all surveys processed. Figure 14a shows the U window count rates for the Lissadel survey after processing using the conventional three-channel method. The multichannel-processed U elemental count rates for this survey are shown in Figure 14b . A significant improvement in structural resolution is again evident in the multichannel-processed U data. Similar results were achieved for the Medusa Banks survey. In general, all surveys also showed a small visual improvement in the resolution of the multichannel-processed Th data. The reduction in fractional errors for the multichannel-processed K data was not visually apparent. Table 2 summarizes the reduction in average FIG. 14. Gradient-enhanced pseudocolor images of U elemental count rates for data processed using (a) the three-channel method and (b) the multichannel method. The data are for the Lissadel survey area.
deviations achieved through multichannel processing for the three surveys processed.
DISCUSSION AND CONCLUSIONS
The complete 2-D inversion of airborne spectra to elemental concentrations on the ground requires knowledge of the spectral response of the detector to a finite-source element on the ground for a range of detector heights and for various lateral displacements of the source element beneath the detector. The component spectra required for a complete inversion of this type are not currently available. Perhaps the only way of estimating such component spectra would be through a Monte Carlo-type simulation of gamma-ray transport that includes the response function of the detector. A complete inversion of this type would, however, be complicated; the changes in the radiation output and effective heights because of varying soil moisture conditions during the course of a survey would Table 2 . A comparison of the fractional average deviations in elemental count rates for surveys processed using the conventional three-channel method and the new multichannel method. The average deviation is a measure of the amplitude of the noise envelope on an elemental count rate profile. need to be considered. The processing strategy described in this paper is a practical compromise based on the available component spectra. The strategy reduces airborne spectra to elemental count rates at the nominal survey height. With a suitable response function for a finite-source element, the elemental count rates could be inverted to a 2-D distribution of elemental concentrations on the ground. An important feature of the processing strategy is that no additional calibration facilities or procedures are required for its implementation. The calibration requires access to suitable concrete calibration sources and to a suitable airborne calibration range. These facilities are currently widely available and are routinely used for the calibration of the conventional three-channel method. While the use of calibration sources to measure component spectra as functions of simulated height is a time-consuming task, future developments in the use of Monte Carlo methods to simulate the detector response may provide a better means for the estimation of these spectra.
The multichannel processing strategy results in substantial reductions in the fractional errors associated with the estimated elemental count rates. For three surveys processed using the new methodology, the average deviations of the K, U, and Th elemental count rates from the estimated mean elemental count rates at each observation point are reduced by 12.4%, 26.5%, and 20.3%, respectively, when compared with the conventional three-channel method. This results in better structural resolution of small anomalies in enhanced images of the multichannel-processed data.
Subsequent to the completion of this study, Hovgaard (1997) and Hovgaard and Grasty (1997) described a new procedure for smoothing raw multichannel spectra. The smoothed spectra can then be processed using the conventional three-channel method. A similar methodology developed for remotely sensed multispectral data (Green et al., 1988) may also hold promise for reducing noise in raw airborne gamma-ray spectra. The reduction in statistical noise achieved using these methods is data set dependent but either equals or exceeds that achieved using the spectral fitting procedure described in this paper.
The K, U, and Th effective heights are new parameters that can be determined from the analysis of multichannel spectra using the spectral fitting procedure. These effective heights are combined with the radio-altimeter heights for the estimation of the component spectra required by the threecomponent/three-parameter model. This is an improvement over the conventional three-channel method where the radioaltimeter heights alone are used for the determination of stripping ratios. Further research is required to determine how useful the effective heights are for other applications such as regolith mapping or for improving the background estimation procedures. Currently, the errors associated with the determination of the effective heights are high. However, by smoothing the raw spectra using the methods described by Hovgaard (1997) , Hovgaard and Grasty (1997), or Green et al. (1988) , followed by the spectral fitting procedure described in this paper, these errors will be reduced. This will increase the potential usefulness of these parameters as mapping tools.
ACKNOWLEDGMENTS
The Geophysical Mapping Section, Australian Geological Survey Organisation, acquired the airborne survey data and assisted with the spectrometer calibrations. This work was conducted as part of a PhD research program at the Research School of Earth Sciences, Australian National University. We thank Jens Hovgaard and an anonymous reviewer for their valuable comments. This paper is published with the permission of the Executive Director, Australian Geological Survey Organisation.
